We have previously reported a linkage peak on 1q42 in a Finnish schizophrenia sample. In this study we genotyped 28 single nucleotide polymorphisms (SNPs) from 1q42 covering the three candidate genes TRAX, DISC1 and DISC2, using a study sample of 458 Finnish families ascertained for schizophrenia. Two-point and haplotype association analysis revealed a significant region of interest within the DISC1 gene. A common haplotype (HEP3) was observed to be significantly under-transmitted to affected individuals (P ¼ 0.0031). HEP3 represents a two SNP haplotype spanning from intron 1 to exon 2 of DISC1. This haplotype also displayed sex differences in transmission distortion, the under-transmission being significant only to affected females (P ¼ 0.00024). Three other regions of interest were observed in the TRAX and DISC genes. However, analysis of only those families with complete genotype information specifically highlights the HEP3 haplotype as a true observation. The finding of a common under-transmitted SNP haplotype might imply that this particular allele offers some protection from the development of schizophrenia. Analysis of componenttraits of schizophrenia, derived from the Operational Criteria Checklist of Psychotic Illness (OCCPI), displayed association of HEP3 to features of the general phenotype of schizophrenia, including traits representing delusions, hallucinations and negative symptoms. This study provides further evidence for the hypothesis that the DISC1 gene is involved in the aetiology of schizophrenia, and implies a putative sex difference for the effect of the gene. Our findings would also encourage more detailed analyses of the effect of DISC1 on the component-traits of schizophrenia.
INTRODUCTION
Schizophrenia is a severe mental disorder affecting 1% of the worldwide population. In Finland, the lifetime prevalence of schizophrenia is 1.2%, however, within a young internal isolate the prevalence is higher, 2.2% (1) . Schizophrenia is considered to be partly genetic in aetiology, with family, twin and adoption studies suggesting that there is a considerably high heritability to the disorder, as high as 83% based on the analysis of a Finnish twin cohort (2) . Finland is one of the best characterized isolated populations and the frequency of disease alleles reflects the history of multiple bottlenecks (3) . This population history and the presence of extensive genealogical records make the Finnish population valuable for studying genetic disorders. To date about 35 monogenic diseases have been identified as enriched in the population, and are often referred to as the Finnish disease heritage (4) . The same population processes that led to this enrichment could also result in an *To whom correspondence should be addressed at: Biomedicum/KTL, MLO, PL 104, 00251, Helsinki, Finland. Tel: þ358 94744-8393; Fax: þ358 947448480; Email: leena.peltonen@ktl.fi increased homogeneity of the disease alleles underlying more complex disorders like schizophrenia (5) (6) (7) .
In recent years, linkage studies of schizophrenia have suggested that the long arm of chromosome 1 is a major candidate region for susceptibility loci for this disorder. A number of research groups have reported some evidence of linkage or association at 1q21-24 (8-10), 1q32.2-41 (11) (12) (13) , or 1q42 (13,14, J. Ekelund et al., unpublished data). Although the data from all the suggested chromosomal loci for schizophrenia are not consistent, the findings for chromosome 1q are amongst the most replicated (15) . Initially 1q42 was identified as a potential site for a schizophrenia susceptibility locus in a large Scottish family, containing a wide spectrum of major mental illnesses, where a balanced (1;11)(q42.1;q14.3) translocation was found to co-segregate with schizophrenia and other related psychiatric disorders (14) . Two novel genes were found to be directly disrupted by this translocation, and were subsequently named Disrupted in Schizophrenia 1 and 2 (DISC1 and DISC2) (16) . When other Scottish families ascertained for schizophrenia and bipolar disorder were used to monitor for association between single nucleotide polymorphisms (SNPs) in the DISC genes and the disorders, no significant association was observed (17) . Later, linkage findings within a Finnish schizophrenia nuclear family sample confirmed the 1q42 locus and the DISC genes also as good positional candidates for susceptibility to schizophrenia, when a Z max of 3.2 was observed for a microsatellite located intragenic of DISC1 (13) . This linkage finding has recently been replicated in an independent Finnish nuclear family sample, giving further evidence that this region contains a schizophrenia susceptibility locus. The replication study also identified a three SNP haplotype spanning from exon 9 of DISC1 into intron 9, which was over-transmitted to affected individuals (J. Ekelund et al., unpublished data).
In addition to DISC1 and DISC2, there is a third positional candidate gene within this particular chromosomal region. The Translin-Associated Factor X (TRAX; TSNAX) is located centromeric and in the same orientation as DISC1 and was identified as a potential candidate gene when intergenic splicing was found to form fusion transcripts between TRAX, DISC1 and combinations of four intragenic exons located between these two genes (18) . Such an event highlights that mutations affecting TRAX may also affect DISC1. It has also recently been shown that orthologs of DISC1 are highly conserved in genomic structure and in its location close to the TRAX orthologs on the mouse (19) and pufferfish (Fugu rubripes) (20) genomes. This would imply some functional significance for the physical vicinity of the TRAX and DISC1 genes. Furthermore, the genes represent good functional candidates for schizophrenia. Studies of DISC1 have established that it is expressed in neurons and glia, and probably interacts with proteins involved in signal transduction, glutamatergic neurotransmission and neuronal migration (21) . The DISC2 gene is not known to encode a protein, but is thought to act through its RNA as a regulator of DISC1 (16) . The TRAX protein is known to form a brain enriched complex with Translin, that can bind single-stranded DNA and RNA through which it is involved in protein regulation (22) and, consequentially, in development and function of the nervous system.
Here we have studied the 1q42 locus by analysing SNPs and the corresponding haplotypes across the three candidate genes. We monitored the transmitted and untransmitted alleles of TRAX, DISC1 and DISC2 in over 450 schizophrenia families. In addition to the end state diagnosis of schizophrenia, specific component-traits derived from the Operational Criteria Checklist for Psychotic Illness (OCCPI) were used to test for association to these candidate genes.
RESULTS
We genotyped 28 SNPs spanning the 600 kb region of 1q42 that contains the TRAX, DISC1 and DISC2 genes, in a study sample of 458 Finnish schizophrenia families. This represents a nationwide combined (Com) sample of the young isolate (IS) population (179 families) and the rest of Finland (AF) sample (279 families). The locations of the SNPs with reference to the candidate genes and previous linkage findings are illustrated in Figure 1 .
We performed analysis of 1q42, using the Pseudomarker software (23) , which combines the power of linkage and association. This showed that one SNP (2879A > G), with a minor allele frequency of 2%, located on DISC1 exon 13 displayed consistent suggestive association with schizophrenia within the Com sample. Within the liability classes (LC, see Methods section) this SNP displayed a P-value of 0.0021 (chi square ¼ 9.44, 1 d.f.) for LC 2, but also displayed P-values <0.01 for the other liability classes (Table 1) . When the population was split into the IS and AF samples, no association was observed for this SNP. There was no significant difference between the two-point analyses of Pseudomarker and TRANSMIT, except for the SNPs with rare alleles which TRANSMIT ignored.
We performed haplotype analysis for the whole region using the broadest phenotype (LC 4) and the Com sample, in order to include all possible phase information and statistical power of our sample. We used the TRANSMIT program (24) to monitor pairs and triplets of SNPs in sliding windows across the 1q42 region. Only one haplotype was observed to be significantly over-transmitted [P ¼ 0.00045, expected transmissions (ET), 203; observed transmissions (OT), 214; frequency in sample (FS), 11.7%; frequency in affected (FA), 12.5%; frequency in unaffected (FU), 11 .1%] to affected individuals, a three SNP haplotype 10 kb in length spanning from exon 9 of DISC1 into intron 9 (HEP1). This haplotype carries the T, C and G alleles of the SNPs 1872C > T, rs3890280, and rs1000731, respectively, and is the haplotype identified in the replication of the original linkage finding (J. Ekelund et al., unpublished data). Further, three other haplotypes displayed significant undertransmission to affected individuals (Fig. 2) . The first significantly under-transmitted haplotype (P < 0.00001; ET, 89; OT, 64; FS, 6.0%; FA, 5.3%; FU, 6.6%) consists of three SNPs spanning 10 kb of intron 4 of the TRAX gene (HEP2). The second haplotype (P ¼ 0.0031; ET, 145; OT, 125; FS, 8.8%; FA, 8.5%; FU, 9.0%) contains two SNPs that span 62 kb from intron 1 to exon 2 of DISC1 (HEP3). We also observed that the HEP3 haplotype displays significant evidence for under-transmission only to affected females (P ¼ 0.00024; ET, 60; OT, 44; FS, 7.9%; FA, 7.7%; FU, 7.9%) compared with under-transmission to affected males (P ¼ 0.38; ET, 85; OT, 81; FS, 9.7%; FA, 9.1%; FU, 10.3%). The third under-transmitted haplotype (P ¼ 0.00057; ET, 1604; OT, 1595; FS, 98.0%; FA, 97.9%; FU, 98.1%) is the result of two SNPs in exon 13 of DISC1 located 761 bp apart (HEP4). The TRANSMIT program predicted that these SNPs would only produce two haplotypes. Consequently, the alternative haplotype was over-transmitted with a significant P-value of 0.00057, but was ignored by the TRANSMIT program due to it having a sample frequency below 3%. Looking at the other two SNP haplotypes constructed using SNPs in DISC1, exon 13 showed that there are a number of haplotypes incorporating rare SNPs that are significantly over-transmitted (P < 0.005), but are below 3% in frequency for this sample.
We performed two validation tests for these findings using the three common haplotypes (HEP1, HEP2 and HEP3) under LC 4, to ensure that these findings are true, and do not represent linkage or errors caused by estimation of the missing data. Initially we analysed the transmission distortion of these haplotypes in only those families where both parents were genotyped (n ¼ 147 nuclear families). Only HEP3 continued to display the statistical significance already observed (P ¼ 0.00084; ET, 42; OT, 29; FS, 7.0%; FA, 5.5%; FU, 8.2%), but although evidence for sex differences in transmission distortion remained, this difference was not equally impressive as in the complete study sample of 458 families (female, P ¼ 0.0020-ET, 19; OT, 12; FS, 5.9%; FA, 4.6%; FU, 6.9%; male, P ¼ 0.018-ET, 23; OT, 17; FS, 8.0%; FA, 6.2%; FU, 9.4%). We also performed tests randomly taking only one affected offspring per family. This was carried out 20 times for each haplotype taking the median value of these as the average. This technique was shown to be sufficient in the identification of an associating haplotype within the Dysbindin gene and schizophrenia (25) . Only HEP1 displayed no significance (P ¼ 0.17; ET, 103; OT, 110; FS, 11.7%; FA, 12.5%; FU, 11.1%), suggesting that this haplotype may be an artefact of linkage. Both HEP2 (P ¼ 0.0040; ET, 51; OT, 40; FS, 6.0%; FA, 5.3%; FU, 6.6%) and HEP3 (P ¼ 0.035; ET, 77; OT, 66; Denotes that LD conditioned for the presence of linkage was used as linkage was previously reported to this region for these samples. TRANSMIT results with sliding windows of two SNP haplotypes (above) or three SNP haplotypes (below), using the entire sample and liability class 4. Below each significant under-transmitted haplotype (P < 0.05) is the P-value for that individual haplotype in the entire sample and by sex, the haplotype frequency, and the global P-value derived by evaluation of the transmissions of all haplotypes at once. ). Performing such analysis greatly reduces the power available within our large study sample due to decreasing the number of affected individuals being analysed. In the test using randomly selected trios the power is reduced due to the drop from 871 affected individuals being analysed to 498, and in the analysis of only the complete families this reduction in power is indicated by the fact that the number of affected individuals being tested drops further to 266 individuals. Although both tests serve to validate the original finding as a truly observed trend, the fact that they might not have had sufficient power to detect association with the less frequent haplotype, HEP2, should be taken into consideration. Incorporating additional neighbouring SNPs into the haplotypes failed to reveal any significant extended segregating haplotypes. The two common under-transmitted haplotypes (HEP2 and HEP3) were tested to see if they are independent of each other. This was done by studying the frequencies of the haplotypes constructed by TRANSMIT from the five SNPs involved. Of the resulting haplotypes the one corresponding to HEP2 and HEP3 was predicted to occur in this sample with a frequency of about 1%, whereas HEP2 has a frequency of 6.0% and HEP3 a frequency of 8.8%. This would suggest that these haplotypes could represent two independent DNA regions associating with schizophrenia.
We wanted to test to some extent the role of the three putatively associated haplotypes further by analysing trait components as well as the end diagnosis, using the remaining three liability classes, the four factor groups, and the 24 OCCPI items in all three sample populations. HEP1 was tested for over-transmission to both sexes combined and was found not to show further associations to any other phenotype or sub-sample (not shown). HEP2 was tested for under-transmission to both sexes combined, whereas HEP3 was only tested for undertransmission to affected females (Table 2 ). This showed that haplotypes mainly associate to component-traits representing delusions, hallucinations and negative symptoms. These three haplotypes were also monitored for transmissions to those offspring of unknown phenotype but not currently affected within liability class 4, with no significant over or undertransmissions being observed (not shown).
DISCUSSION
Here we have monitored the transmission of SNPs on 1q42 and their corresponding haplotypes within schizophrenia families, and have identified a restricted genomic region that shows significant association with schizophrenia and its componenttraits, with three other regions displaying putative associations.
A common under-transmitted haplotype was identified as independently associating to schizophrenia. This haplotype (HEP3) is located within DISC1, highlighting the gene as contributing to the aetiology of schizophrenia. The HEP3 haplotype was significantly associated only within the AF population, with no suggestive results being seen in the IS sample. This is consistent with our previous linkage findings that have found linkage with the AF population to 1q42, while the IS population displays linkage to 1q32-41 (11,13) using the liability class-based phenotypes. Interestingly, when the OCCPI factors and items were used as alternative phenotypes it was found that HEP3 displays consistently more significant association to certain factors and their component-traits, delusions, hallucinations and negative symptoms, compared with the other component-traits of manic and depressive symptoms, although for a number of these component traits there is a large reduction in power due to the lower frequency of these traits in our sample. It is well characterized that greater negative symptoms in schizophrenics correlates with poorer cognitive ability (26) , suggesting that this haplotype should be investigated with respect to the finding that 1q41 displays linkage and association to spatial working memory (27) . Association findings for these component-traits were also restricted to the AF population.
HEP3 also displayed sex differences, the haplotype showing significantly distorted transmission only to affected females. This might imply that this genetic region could contribute to the sex differences found in the schizophrenia phenotype (28) . There are a number of possible affects on known mechanisms for sex differences in gene expression, such as imprinting (29) and hormonal effects (30) . Analysis of only those families with complete genotype information and trios strengthens the evidence that HEP3 and its sex differences is a genuine finding.
Initially it is necessary to determine if HEP3 is underrepresented in the entire population regardless of affection status, as this would imply that the haplotype affects the general fitness. By monitoring the transmissions of the haplotype to those individuals currently unaffected under liability class 4, we could not show deviation from the expected haplotype frequency. It could be expected that the under-transmitted haplotype would be over-transmitted to people unaffected with schizophrenia. This is not observed in our study, but this test should ideally be performed in a sample with no ascertainment bias. A number of other interesting hypotheses can be proposed to explain the observed under-transmission of DISC1 alleles. Under-transmitted alleles could offer protection from the disorder, either directly by being beneficial to that gene's function, or indirectly by counteracting a susceptibility causing alteration in another gene. Based on the 'protective locus' hypothesis the under-transmitted haplotype would have arisen later in the Finnish population history, and become enriched during the expansion of the population, putatively as a result of even a modest positive selection.
Three other restricted regions were observed to associate with schizophrenia. HEP2, a second under-transmitted common haplotype located within intron 4 of the TRAX gene, was identified. HEP2 displays levels of significance similar to that of the HEP3 finding, and in the same pattern for all tests except one. When HEP2 was tested in only those families with complete genotype information no significant association was observed. Despite this the other association findings with HEP2 indicate that it is still worth investigating further. Within the six SNPs located in DISC1 exon 13, associations were observed for a single SNP (2879A > G) and a number of two-SNP haplotypes, but as all associations seen in this region involve rare polymorphisms (sample frequency <3%), conclusions should be drawn with caution. In the region of DISC1 intron 9 a three-SNP haplotype was observed to be over-transmitted (HEP1). This haplotype represents the haplotype observed in the replication of the original linkage finding on 1q42 in the Finnish schizophrenia sample (Ekelund et al., unpublished data). When this haplotype was analysed within the separate populations, and using the component-traits, no other associations were observed. HEP1 also failed to show association when testing for association using complete families or randomly selected trios, suggesting that this finding may be due to the previously observed linkage findings in this localized region.
The region indicated by the HEP3 haplotype highlights some interesting genomic features that warrant further investigation. The haplotype not only spans exon 2 of the DISC1 gene and the intragenic exon D, but also covers six regions of between 50 and 300 bp that are conserved between the human and mouse genomes under stringent conditions (UCSC genome browser, tight mouse annotation track, November 2002 assembly). Noncoding regions of such evolutionary conservation most probably have some functional significance since they have survived the 80 million years separating mouse and man in evolutionary history, therefore these six regions might represent potential regulatory elements.
These findings on DISC1, and putatively in TRAX, in addition to the linkage results for the 1q42 region, strengthen the evidence that these genes would play a role in the aetiology of schizophrenia. These findings primarily highlight the exon 2 region of DISC1 and shows that it might contribute to the sex differences observed in the schizophrenia phenotype. This finding also highlights certain component-traits of schizophrenia such as delusions, hallucinations and negative symptoms, which should be investigated further with regard to the 1q42 locus.
MATERIALS AND METHODS

Study sample
The study sample is an extension of the samples previously used to perform linkage analysis for schizophrenia in Finland (11, 13, (31) (32) (33) . The full details of the sample identification and collection have been addressed in previous papers (31, 34) . The research was approved by the Ministry of Social Affairs and Health (Finland) and the appropriate institutional review boards, and informed consent was obtained from all subjects.
The sample now totals 458 families consisting of 498 nuclear families that contain 2756 individuals, of which 2059 have been genotyped (Table 3) . Of these genotyped individuals, 931 are classified as affected using increasingly inclusive liability classes (LC) derived from the Diagnostic and Statistical Manual of Mental Disorders, forth edition (DSM-IV) (35) . LC 1 constituted schizophrenia only, LC 2 added those individuals affected with schizoaffective disorder, LC 3 added individuals with schizophrenia spectrum disorder (36) , and LC 4 added individuals with bipolar disorder or major depressive disorder (Fig. 3 ).
The entire sample described above (Com) could be divided into two sub-samples that are defined by the geographical origin of the family. The first sub-sample contains the families obtained from the young internal isolate population (IS) used in the genome wide scan that showed linkage on chromosome 1q32-41 (11) . This sample now consists of 179 families, made up of 1137 individuals. The second sub-sample contains families obtained from the rest of Finland (AF), exclusive of the internal isolate, that displayed linkage on chromosome 1q42 (13) . This sample now consists of 279 families, made up of 1619 individuals. The numbers of affected offspring in each liability class for each of the samples is shown in brackets in Table 1 .
Diagnostic assessment
The diagnostic assessment used for the extension of the sample population remained the same, and has previously been described in detail in other articles (11, 13, (31) (32) (33) . The process is based on the analysis of patient records for those individuals with a register-based diagnosis of schizophrenia between 1969 and 1998. In addition to the consensus diagnosis made according to the DSM-IV criteria, one reviewer completed the Operational Criteria Checklist for Psychotic Illness (OCCPI). The OCCPI checklist consists of 90 items of psychopathology, pre-morbid functioning, and personal history (37, 38) . Factor analysis has been performed for 30 of the 90 OCCPI items from 190 patients with schizophrenia from the IS population and 466 affected sib-pairs from the AF sample. It was found that 24 of these 30 items segregate into four factors: factor 1, 'delusions and hallucinations'; factor 2, 'manic'; factor 3, 'negative'; and factor 4, 'depressive' (39) (Fig. 3) . These factor structures were used to determine qualitative trait phenotypes for use in our study, where at least one of the items loading >0.5 had to be present in the individual to count them as positive for that factor. If any of the 24 individual OCCPI items had more than two possibilities for classification, then these were also converted into qualitative traits by taking any score >0 as meaning the individual is positive for this item.
Laboratory methods
The SNPs were either identified from public databases, from contig alignments, from EST alignments or by sequencing. Potential SNPs not located by sequencing were verified in 12 Finnish controls. The resulting 28 SNPs were genotyped in the entire sample using TaqMan (Applied Biosystems), Minisequencing (40) or by using array based genotyping (41) . The SNPs that are not located in the dbSNP database are located on GenBank sequence AF222980.
Statistical methods
The genotypes of the SNPs were corrected for Mendelian errors using PedCheck (42) . Two-point analysis was then performed using the program Pseudomarker, which performs joint linkage and linkage disequilibrium (LD) analysis on a mixture of pedigrees and singletons. Pseudomarker is able to combine the power of linkage analysis with that of association, and can test for LD in general pedigrees conditional on linkage. The latter is used when it is known that the sample already displays linkage to a particular region being analysed for association (23) . Once two-point analysis had been performed on the SNPs the analysis of haplotypes was performed, using the TRANSMIT program. This software is able to test for transmission of a haplotype even when phase is unknown and when parental genotypes are not completely known. Figure 3 . Schematic illustration of the relationship between the increasingly inclusive liability classes and the factor analysis phenotypes. Numbers are the amount of offspring displaying the phenotype. The illustration shows that, although each phenotype is distinct, it is not independent of the other phenotypes. This is observed by the numbers of offspring who display all four factor phenotypes. It also shows that these factor phenotypes are in part dependent on the end state diagnosis, highlighted by the large number of offspring having both factors 1 and 3.
The TRANSMIT program is also able to compensate for the presence of linkage when using family data by the calculation of a robust variance estimate (24) . Haplotypes below a sample frequency of 3% were aggregated and counted as one haplotype when calculating the global P-value, but were ignored as being too rare as individual haplotypes. TRANSMIT performed 100 000 bootstrap tests for all analyses, from which it derived the empirical P-values.
Pseudomarker analysis was performed for all SNPs in all LC phenotypes using all three samples. However, TRANSMIT analysis was performed originally in the Com sample using only LC 4 to locate any significant haplotypes (P < 0.05), which were then tested in all of the phenotypes with all samples. In this study we have analysed multiple tightly linked SNPs and their haplotypes, and used multiple phenotypic models, many of which were derived from other phenotypes being analysed. This means that calculating a simple Bonferroni correction for multiple testing might result in an overly conservative test, as neither the genotypes (43) nor the phenotypes (33) (Fig. 3) are completely independent of each other. Therefore, we report only the uncorrected P-values provided by Pseudomarker and TRANSMIT.
